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A b s t r a c t  

The p r o j e c t  i n c l u d e s  t h e  s u b j e c t i o n  o f  s o l a r  c e l l  
assemblages t o  d u s t  storms i n  wind t u n n e l s  where 
s imula t ed  Mar t ian  environmental  c o n d i t i o n s  p r e v a i l .  
The e l e c t r i c a l  performance of t h e  s o l a r  c e l l s  i s  
determined by t e s t s  be fo re  and a f t e r  s u b j e c t i n g  
t h e  c e l l  assemblages t o  dust '  s t o r m s .  Damage t o  
t h e  cover  g l a s s e s  and c e l l s  i s  a s s e s s e d  by mic ro -  
s c o p i c  examinat ions and measurements. To d a t e  
e i g h t  ( 8 )  t e s t s ,  a l l  a t  ambient t e m p e r a t u r e s ,  have 
been concluded excep t  f o r  d e t a i l e d  examinat ions  
f o r  damage t o  cover  g l a s s e s  and c e l l  assemblages.  
Phase 11, t e s t s  a t  c o n s t a n t  tempera tures  of 2 4 S ° K ,  
i s  i n  p r o g r e s s .  
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Summary 

Various i n v e s t i g a t o r s  have sugges t ed  t h a t  d u s t  s torms 
do occur  i n  t h e  r a r e f i e d  atmosphere of Mars. Because 
t h e  p o s s i b i l i t y  does e x i s t ,  i t  i s  n e c e s s a r y  t h a t  t h e  
e f f e c t s  of such storms on t h e  performance of s o l a r  
c e l l s  be determined p r i o r  t o  a s o f t  l a n d i n g  on Mars, 
During d u s t  s torms f i n e  p a r t i c u l a t e  m a t t e r  could  be 
d e p o s i t e d  on t h e  c e l l s  and t h e  cover  g l a s s e s  could  
be a b r a i d e d .  I n  e i t h e r  case  t h e  e f f i c i e n c y  of t h e  
s o l a r  c e l l s  would be reduced. In  o r d e r  t o  ge te rmine  
how e x t e n s i v e  t h e  damage and b l a n k e t i n g  e f f e c t  t o  
t h e  cover  g l a s s e s  m i g h t  be and t h e  r e s u l t i n g  r e d u c t i o n  
i n  t h e i r  e f f i c i e n c y  a s e r i e s  of  exper iments  under  
p r e d i c t e d  Mar t ian  environmental  c o n d i t i o n s  has  been 
s p e c i f i e d .  

A wind t u n n e l  o f  t h e  " r ace  t r a c k "  type  was c o n s t r u c t e d  
of p l a s t i c  and was used i n  t e s t s  a t  ambient t empera tu res .  

A second wind t u n n e l  has been c o n s t r u c t e d  of s h e e t  
m e t a l .  Heat ing and cool ing  elements  a r e  provided  i n  
o r d e r  t o  c o n t r o l  t h e  tempera ture .  A s e r i e s  of t e s t s  
a t  245'K i s  i n  p rogres s  and a second s e r i e s  w i t h  tem- 
p e r a t u r e s  reproducing  d i u r n a l  v a r i a t i o n s  over  t e s t  
p e r i o d s  of  up t o  t h r e e  days w i l l  be run .  

Following each t e s t  the  t o t a l  t r a n s m i s s i o n  of t h e  
s o l a r  c e l l  cover  g l a s s e s  i s  de te rmined  and each cover  
g l a s s  i s  s u b j e c t e d  t o  microscopic  examinat ions  t o  
de te rmine  t h e  e x t e n t  of damage. Cur ren t  v o l t a g e  cu rves  
a r e  made b e f o r e  and a f t e r  exposure t o  each  t e s t  i n  
o r d e r  t o  e v a l u a t e  t h e  e f f e c t s  upon t h e  e l e c t r i c a l  
performance of  t h e  s o l a r  c e l l s .  C e l l  assemblages a r e  
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t e s t e d  i n  groups of fou r  w i t h  each  subgroup having  
d i f f e r e n t  p r o t e c t i v e  cover g l a s s e s ,  namely, q u a r t z ,  
Corning No. 0 2 1 1  Microshee t ,  s a p p h i r e  and i n t e g r a l .  

I n  a l l  t e s t s  t o  d a t e  s o l a r  c e l l  assemblages have 
been coa ted  w i t h  a l a y e r  of  d u s t  which r e s u l t e d  i n  
a c r i t i c a l  r e d u c t i o n  i n  t h e  e f f i c i e n c y  of t h e  s o l a r  
c e l l s .  Th i s  d u s t  adheres  t o  t h e  s u r f a c e  w i t h  such  
t e n a c i t y  t h a t  i t  i s  removed w i t h  g r e a t  d i f f i c u l t y .  
I n s p e c t i o n s  a f t e r  c l ean ing  r e v e a l  damage t o  t h e  
cover  g l a s s e s ,  mos t ly  p i t t i n g .  Sapph i re  cover  g l a s s e s  
have minimal damage and i n  most cases no damage a t  
a l l .  
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I n t r o d u c t i o n  

Most o b s e r v e r s  of Mart ian a tmospher ic  phenomena 
accep t  t h e  s u g g e s t i o n  t h a t  t h e  ye l low c louds  a r e  
d u s t  c louds .  Because no r easonab le  a l t e r n a t i v e  
s u g g e s t i o n s  have been o f f e r e d ,  we must accep t  t h e  
p o s s i b i l i t y  t h a t  d u s t  s t o r m s  do occur  i n  t h e  Mar t i an  
atmosphere.  
p a r t i c l e s  on equipment t o  be landed on t h e  Mar t ian  
s u r f a c e  must be  determined.  I f  such e f f e c t s  a r e  
d e t r i m e n t a l  t o  t h e  o p e r a t i o n  of t h e  equipment,  
changes t o  e l i m i n a t e  t h e s e  e f f e c t s  must be inco rpo-  
r a t e d  i n  t h e i r  d e s i g n .  

The e f f e c t s  of wind d r i v e n  d u s t  and sand 

A t  p r e s e n t  mos t  items of  equipment which a r e  flown i n  

space  o r  landed  qn an e x t r a t e r r e s t r i a l  body r e c e i v e  
t h e i r  power from s o l a r  c e l l  assemblages.  In  space  o r  
on t h e  l u n a r  s u r f a c e  t h e r e  a r e  no d u s t  s torms  s o  t h e  
problem of  t h e i r  d e t r i m e n t a l  e f f e c t  has  n o t  e x i s t e d  
t o  d a t e .  On Mars t h e  problem may e x i s t  and equipment 
may become i n o p e r a t i v e  f o r  l a c k  of  power fo l lowing  
a d u s t  s t o r m .  

In  o r d e r  t o  de te rmine  t h e  e f f e c t  of  d u s t  s t o r m s  on 
s o l a r  c e l l s  and s o l a r  c e l l  cover  g l a s s e s  a s e r i e s  o f  
t e s t s  has  been designed i n  which t h e s e  o b j e c t s  w i l l  
be s u b j e c t e d  t o  d u s t  s torms a t  s p e c i f i e d  wind v e l o c i -  
t i e s ,  t empera tu res  o r  tempera ture  r a n g e s ,  i n  a carbon 
d i o x i d e  atmosphere con ta in ing  a t r a c e  of m o i s t u r e .  
These t e s t s  w i l l  be c a r r i e d  o u t  i n  wind t u n n e l s  
des igned  s p e c i f i c a l l y  f o r  them. 
t h e  fo l lowing  t e s t s  w i l l  be made. 

To a s s e s s  t h e  r e s u l t s  

( i )  The t o t a l  t r a n s m i s s i o n  of  t h e  s o l a r  c e l l  
cover  g l a s s e s  b e f o r e  and a f t e r  s u b j e c t i n g  
them t o  d u s t  s t o r m s .  
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(ii) Microscopy of s o l a r  c e l l  cover  g l a s s e s  
us ing  phase c o n t r a s t  and p o l a r i z e d  l i g h t  
t echn iques .  

( i i i )  Curren t  v o l t a g e  curves  w i l l  be made 
be fo re  and a f t e r  exposure t o  d u s t  s torms  
a s  i s  necessa ry  t o  e v a l u a t e  t h e  e f f e c t s  
upon t h e  e l e c t r i c a l  performance of t h e  
s o l a r  c e l l  cover  g l a s s  combina t ions .  

( i v )  Following ( i i i )  cover  g l a s s e s  w i l l  be 
removed and t h e  measurements r e p e a t e d .  
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Techn ica l  D i scuss ion  

Based upon d a t a  p r e s e n t e d  i n  J P L  Document No.606-1, 
d a t e d  J u l y  1 5 ,  1968  ( l ) ,  t h e  Mar t ian  environment  a t  
o r  v e r y  n e a r  t h e  s u r f a c e  i s  a s  f o l l o w s .  

Su r face  p r e s s u r e  - QlOmb 
Composition o f  t he  atmosphere - > S O %  C O z ,  t h e  
remainder  probably  an i n e r t  gas  such  a s  a rgon ,  
p l u s  o r  minus t r a c e  of water vapor .  
Temperatures 
Maximum a t  equa to r  - %30S°K 
Minimum a t  equa to r  - %170°K 
Mean ampl i tude  o f  d i u r n a l  v a r i a t i o n  a t  
e q u a t o r  - %96'K 
Mean p o l a r  cap  r e g i o n  ( e s t ima ted )  

Winter  - Q Z Z O ' K  
Summer - ~ 2 6 5 ' K  

The s u r f a c e  m a t e r i a l  i s  b e l i e v e d  t o  resemble o l i v i n e  
b a s a l t  o r  t h o l e i i t i c  b a s a l t .  The s u r f a c e  l a y e r  i s  
probqbly  composed o f  u n s o r t e d  p a r t i c u l a t e  b a s a l t  
which ranges i n  s i z e  from a few microns t o  b l o c k s  
measuring t e n s  of c e n t i m e t e r s  i n  d imens ions .  

Wind v e l o c i t i e s  based upon observed motions of ye l low 
c louds  may range  up t o  1 0 0  km p e r  hour .  

I n  t h e  d e s i g n  of t h e  t e s t s  t o  which s o l a r  c e l l s  and 
s o l a r  c e l l  cove r  g l a s s e s  w i l l  be s u b j e c t e d  some ex -  
c e p t i o n s  t o  t h e  above s p e c i f i c a t i o n s  were made. 
P r e s s u r e .  Because of t h e  extreme d i f f i c u l t y  i n  
ma in ta in ing  a p r e s s u r e  o f  1 0  mb and wind v e l o c i t i e s  
of up t o  1 0 0  km/hr i n  a wind t u n n e l ,  i t  was a g r e e d  
t o  use  ambient p r e s s u r e s .  A c t u a l l y  t h i s  w i l l  r e s u l t  
i n  "worst  case"  phenomena d u r i n g  t e s t s .  C o r r e c t e d  
wind v e l o c i t i e s  can b e  de te rmined  ma themat i ca l ly .  
Atmosphere. The atmosphere w i l l  be 100% carbon d i -  
ox ide  2 a t race  of wa te r .  
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Temperature.  One s e r i e s  o f  t e s t s  w i l l  be run  a t  
ambient t e m p e r a t u r e s ,  a second s e r i e s  a t  245°K and 
a t h i r d  wi th  a d i u r n a l  v a r i a t i o n  from 210°K t o  305°K.  
Wind V e l o c i t i e s .  One s e r i e s  of t e s t s  w i l l  be con- 
duc ted  w i t h  wind v e l o c i t y  a t  50 km/hr, and a second 
a t  1 0 0  km/hr. 
P a r t i c u l a t e  Mat t e r .  The d u s t  p a r t i c l e s  t o  be used 
i n  t h e  t e s t s  were ob ta ined  by g r i n d i n g  and s i e v i n g  
o l i v i n e  b a s a l t  which was c o l l e c t e d  i n  t h e  Hudson 
Mountains,  E l l swor th  Land, A n t a r c t i c a .  The p r i n c i -  
p a l  c o n s t i t u e n t s  a r e  c l inopyroxene ,  p l a g i o c l a s e  and 
o l i v i n e .  A sma l l  amount o f  g l a s s  i s  p r e s e n t .  Th i s  
d i f f e r s  somewhat from t h e  composi t ion  o f  t h e  f i n e s  
i n  t h e  l u n a r  s o i l  ob ta ined  by t h e  a s t r o n a u t s  of 
Apollo 11. I n  t h e  l u n a r  m a t e r i a l  g l a s s  c o n s t i t u t e s  
about  5 0  p e r c e n t  and i l m e n i t e  i s  a p r i n c i p a l  con- 
s t i t u e n t  ( 2 ) .  These composi t iona l  d i f f e r e n c e s  should  
n o t  a l t e r  t h e  r e s u l t s  o f  t h e  t e s t s  s i g n i f i c a n t l y .  
Wind t u n n e l  t e s t s  have shown t h a t  mOvement of  p a r t i -  
c l e s  o f  l e s s  t h a n  6 0  microns i n  s i z e  w i l l  n o t  be 
i n i t i a t e d  by wind v e l o c i t i e s  of 1 0 0  km/hr o r  l e s s .  
The p resence  of s l i g h t l y  l a r g e r  p a r t i c l e s  i s  n e c e s -  
s a r y  t o  i n i t i a f e  movement. These l a r g e r  p a r t i c l e s  
move by t h e  p rocess  of s a l t a t i o n  and w i t h  eve ry  
bounce f i n e r  p a r t i c l e s  a r e  knocked i n t o  t h e  a i r  
s t ream where they  remain i n  suspens ion .  The f i n e s  
i n  t h e  l u n a r  s o i l  m a t e r i a l  b rought  t o  e a r t h  by t h e  
a s t r o n a u t s  i n  t h e  "bulk box" were composed o f  approx-  
ima te ly  4 5 %  i n  t h e  125-62.5 micron range  and 25% 
i n  t h e  l e s s  t h a n  6 2 . 5  micron range ( 2 ) .  Based upon 
o b s e r v a t i o n s  of t h e  g e n e r a t i o n  of  d u s t  s torms i n  
t h e  wind t u n n e l  u s ing  v a r i o u s  s i z e  p a r t i c l e s ,  i t  
was dec ided  t h a t  "worst case"  c o n d i t i o n s  could  be 
o b t a i n e d  u s i n g  a mixture  of p a r t i c u l a t e  m a t t e r  
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composed of  7 5 %  i n  t h e  1 2 5 - 2 5 0  micron range  and 
2 5 %  i n  t h e  < 6 2 . 5  micron r ange .  These a r e  weight  
p e r c e n t a g e s .  

The schedu le  of t e s t s  completed and p r o j e c t e d  i s  
shown i n  F igu re  1. 

T e s t s  a t  ambient tempera tures  i n  Tunnel No. 1 
( p l a s t i c )  were begun on January  2 0 ,  1 9 7 0  and completed 
on March 1 5 ,  1 9 7 0 .  A l l  o t h e r  t e s t s  w i l l  be performed 
i n  Tunnel No. 2 (me ta l ) .  
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Pre l imina ry  R e s u l t s  of T e s t s  

As i n d i c a t e d  i n  Table  1, e i g h t  s e t s  o f  c e l l  assem- 
b l a g e s  have been s u b j e c t e d  t o  d u s t  s t o r m s  i n  Tunnel 
No. 1 a t  ambient t empera tu res .  C u r r e n t - v o l t a g e  cu rves  
were made f o r  each ce l l  assemblage p r i o r  t o  s u b j e c t i o n  
t o  a d u s t  s t o r m  and then aga in  a f t e r w a r d s .  A t i g h t l y  
adhe ren t  c o a t i n g  of dus t  c o l l e c t e d  r a t h e r  un i formly  
on each assemblage. Af t e r  t h e  second s e t  of  c u r r e n t -  
v o l t a g e  cu rves  was made, t h e  cover  g l a s s e s  were c l e a n -  
ed and a t h i r d  s e t  o f  c u r r e n t - v o l t a g e  curves  was p r o -  
duced. From t h i s  s e t  can be de te rmined  changes i n  
e f f i c i e n c y  due e i t h e r  t o  cover  g l a s s  damage o r  con- 
n e c t o r  damage o r  b o t h .  

Computation and r e d u c t i o n  of d a t a  i s  i n  p r o g r e s s  and 
no f i n a l  r e s u l t s  a r e  a v a i l a b l e ,  However, p r e l i m i n a r y  
a n a l y s i s  o f  t h e  d a t a  f o r  an assemblage which i n c l u d e s  
No.'s 2,13,25 and 37 i n d i c a t e s  r e d u c t i o n  i n  t h e  c u r -  
r e n t  producing  e f f i c i e n c y  of t h e  c e l l s  a f t e r  a d u s t  
s to rm by 75 t o  8 0 % .  Afte r  c l e a n i n g  t h e  e f f i c i e n c y  o f  
t h e  c e l l s  r e t u r n e d  t o  n e a r  t h e i r  o r i g i n a l  l e v e l s .  
However, i n  no case  was t h i s  r e t u r n  complete .  

Each cover  g l a s s  was in spec ted  f o r  i m p e r f e c t i o n s ,  
s c r a t c h e s ,  e t c .  p r i o r  t o  d u s t  b l a s t i n g  and aga in  
a f t e r  removing t h e  d u s t .  Damage r anges  from g r e a t l y  
p i t t e d  s u r f a c e s  t o  l i t t l e  o r  no change. O f  t h e  f o u r  
types  of cover  g l a s s e s  s a p p h i r e  was t h e  l e a s t  damaged. 
Connectors were abra ided  and,  i n  one c a s e ,  s u f f i c i e n -  
t l y  t o  produce a d i s c o n e c t i o n .  
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Append i x 

D e s c r i p t i o n  of Wind Tunnel No. 1. 

The wind t u n n e l  f o r  t e s t  exper iments  a t  ambient 
t empera tu res  and p r e l i m i n a r y  t e s t s  i s  c o n s t r u c t e d  
mainly o f  q u a r t e r  inch p l e x i g l a s s .  I t  i s  e s s e n t i -  
a l l y  a c l o s e d  system shaped l i k e  a r a c e  t r a c k  
(F igure  2 ) .  The 'a tmosphere '  i s  c i r c u l a t e d  w i t h  
a s q u i r r e l  cage blower which i s  d r i v e n  by an e l e c -  
t r i c  motor.  Wind v e l o c i t i e s  i n  t h e  s t r a i g h t - a w a y  
s e c t i o n s  of t h e  r a c e  t r a c k  where t h e  t e s t s  a r e  p e r -  
formed a r e  c o n t r o l l e d  by va ry ing  t h e  c r o s s  s e c t i o n .  

Three p a i r s  of s t r a i g h t - a w a y  s e c t i o n s  a r e  a v a i l a b l e .  
With one p a i r  a wind v e l o c i t y  o f  50  km/hr i s  main- 
t a i n e d ;  w i t h  t h e  second 7 5  km/hr and 1 0 0  km/hr w i t h  
t h e  t h i r d .  With t h i s  arrangement no v a r i a t i o n s  i n  
blower rpm a r e  necessa ry  t o  produce t h e  d e s i r e d  ve- 
l o c i t i e s .  The so l a r  c e l l  modules t o  be t e s t e d  a r e  
mounted on weighted b r a c k e t s  i n  such a way t h a t  
t h e  e n t i r e  o u t e r  f a c e  of  each  c e l l  and t h e  w i r e  
connec to r s  a r e  exposed t o  t h e  d u s t  s t o r m s .  Before 
reassembl ing  t h e  r ace  t r a c k  an adequate  amount of  
'Mar t ian  d u s t '  i s  d i s t r i b u t e d  i n  t h e  v a r i o u s  s e c t i o n s .  
P r i o r  t o  each t e s t  the atmosphere i n  t h e  r a c e  t r a c k  
i s  swept o u t  and r e p l a c e d  w i t h  C 0 2  gas i n  which t h e r e  
i s  a t r a c e  of wa te r  vapor .  The r eason  f o r  t h e  use  
of p l e x i g l a s s  i n  t h e  r a c e  t r a c k  i s  t o  make p o s s i b l e  
d i r e c t  view of t h e  d u s t  s t o r m s .  P r e l i m i n a r y  t e s t s  
have shown t h a t  some t u r b u l e n c e  i s  g e n e r a t e d  i n  t h e  
curved s e c t i o n s ,  b u t  t h a t  t h e  f low i n  t h e  s t r a i g h t  
s e c t i o n s  when t h e  t e s t s  a r e  performed i s  e s s e n t i a l l y  
l a m i n a r ,  
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Wind Tunnel No. 2 .  

The second wind tunne l  i s  t h e  same i n  d e s i g n  a s  
No. 1, b u t  i s  c o n s t r u c t e d  of  meta l  s h e e t i n g ,  i n -  
s u l a t e d  and equipped wi th  coo l ing  and h e a t i n g  
d e v i c e s .  The tempera ture  can be c o n t r o l l e d .  I t  
has  t h e  same aerodynamic c h a r a c t e r i s t i c s  a s  t h e  
p l e x i g l a s s  t u n n e l .  
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